secretion is affected by many cellular factors. However, the mechanism of MAVS-mediated 32 IRF3/7 activation is not completely understood. Here, we identified a highly conserved DLAIS 33 motif at amino acid positions 438−442 of MAVS that is indispensable for IRF3/7 activation. 34
Specifically, the L439S and A440R mutations suppress IRF3/7 activation. Pull-down 35 experiments using wild-type and mutant MAVS showed that mindbomb E3 ubiquitin protein 36 ligase 2 (MIB2) binds to the DLAIS motif. Furthermore, the DLAIS motif was found to be 37 critical for MIB2 binding, the ligation of K63-linked ubiquitin to TANK-binding kinase 1, and 38 phosphorylation-mediated IRF3/7 activation. Our results suggest that MIB2 plays a putative role 39 in MAVS-mediated interferon signaling. 40
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Immunoprecipitation 169 293T cells were seeded in 10-cm dishes at a density of 10 7 cells/dish 24 hours before transfection. 170
The cells were transfected with the appropriate plasmid mixture. After 24 hours, the cells were 171 harvested and immediately lysed in a 1% Triton X-100 lysis buffer [20 mM Tris-HCl (pH 7.5), 172 150 mM NaCl, 1% Triton X-100, 10% glycerol, 40 mM β-glycerophosphate, 0.1% protease 173 inhibitor cocktail, 1 mM PMSF, 1 mM Na3VO4, 5 mM NaF, 1 mM DTT, and 10 mM NEM]. 174
Immunoprecipitation was performed with 1 μg of antibody coupled to protein Sepharose 175 magnetic G beads (GE Healthcare) at 4°C with constant agitation for 1 hour. After three washes 176 with washing buffer using a MagRack (GE Healthcare), the samples were denatured in sample 177 buffer and analyzed by immunoblotting. 178
179

Mass spectrometry 180
293T cells were seeded in 10-cm dishes at a density of 10 7 cells/dish 24 hours before transfection. 181
Each construct (20 μg) was transfected into five dishes, and the collected lysates were subjected 182 to GST pull-down at 24 hours post-transfection. After silver staining (Invitrogen) according to 183 the manufacturer's instructions, the protein bands were excised and analyzed at the Seoul 184 National University Mass Spectrometry facility. The peptides were determined by tandem mass 185 spectrometry and database searches. 
Results
240
MAVS has two well-defined domains, an N-terminal CARD and a C-terminal transmembrane 241 (TM) domain. The CARD mediates MAVS oligomerization, whereas the TM domain localizes 242 MAVS to the mitochondrial outer membrane, which is crucial for its function. Although these 243 two domains have been extensively studied, little is known about the function of the region 244 between the two domains. We used the term stem to describe a region between the CARD and 245 TM domain consisting of amino acids (aa) 100−508 (Fig. 1) . The most prominent feature of this 246 region is the abundance of proline residues, including five proline dipeptides. Although the 247 leading section of the stem has been described as a proline-rich region, the remaining sequence is 248 also enriched with proline. Another characteristic feature of the stem is the low abundance of 249 secondary structures compared to the CARD or TM domain. 250
251
To narrow down the region involved in the activation of IRF3/7, we built constructs containing 252 the CARD, stem truncation, and the TM domain. First, we built a CARD-TM (CS0T) construct 253 containing only the CARD and TM domain to use as a backbone for the generation of other 254 constructs. The N terminus of CS0T contained aa 1−100, and the C terminus contained aa 509− 255 540 of MAVS. The restriction enzyme sites for MluI and SpeI were inserted for subsequent 256 cloning (Fig. 1) . The NS3/4a protein of the hepatitis C virus is a protease that cleaves MAVS at 257 the cysteine residue in position 508 to evade host IFN signaling (11). The insertion of the SpeI 258 site in CS0T at aa 508/509 destroyed the target site of NS3/4a. As a result, the CS0T-based 259 constructs were resistant to NS3/4a. CS1T was cloned by inserting the full-length stem region 260 into CS0T. CS2T-CS12T contained various stem fragments, as depicted in Figure 1 . 261 Both IRF3 and IRF7 are activated by TBK1/IKKε, and IFNα promoters are specifically 263 stimulated by IRF7 (14). Based on these, the activity of TBK1/IKKε is conventionally measured 264 using an IFNα promoter assay with IRF7 co-expression in 293T cells (17). Additionally, we used 265 NS3/4a to exclude the influence of endogenous MAVS because the CS0T-based constructs were 266 resistant to NS3/4a as described above. We examined the stimulation of the IFNα6 promoter by 267 co-expressed IRF7 in response to Sendai virus (SV) stimulation with or without NS3/4a. There 268 was no stimulation by SV without IRF7. The promoter was stimulated by SV with IRF7 co-269 expression, and this stimulation was abrogated by NS3/4a ( Fig. 2A) . Next, the CS1T resistance 270
against NS3/4a was tested. The promoter stimulation by the overexpression of wild-type MAVS 271 was abolished by NS3/4a but was not altered in the case of CS1T (Fig. 2B) . Taken together, the 272 activity of TBK1/IKKε by CS0T-based constructs can be measured using an IFNα6 promoter 273 assay with the co-expression of IRF7 and NS3/4a. The IFNα6 promoter assay was performed 274 using CS0T-CS12T (Fig. 1) . CS1T, CS4T, CS8T, and CS9T activated the promoter (Fig. 2C) . 275
To evaluate IRF3 phosphorylation, immunoblotting was performed using a phospho-IRF3 276 specific antibody. The phosphorylation by the constructs matched the promoter stimulation data 277 (Fig. 2D) . Based on these data, the stem region from aa 410 to 463, which was common among 278 CS1T, CS4T, CS8T, and CS9T, was critical for IRF3 activation. 279
280
To identify evolutionarily conserved residues between aa 410 and 463, multiple sequence 281 alignment across mammalian species was performed. Three highly conserved motifs were 282 identified, namely SKPG (aa 419−422), DLAIS (aa 438−442), and PEENEY (aa 455−460) (Fig.  283   3A) . To test the importance of these conserved motifs for IRF3 activation, a set of mutants was 284 generated using CS1T as a template (Fig. 3A bottom) . The CS1Tm1 contained the K420S and 285 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from 16 P421R mutations disrupting the SKPG motif; CS1Tm2 contained the L439S and A440R 286 mutations disrupting the DLAIS motif; and CS1Tm3 contained the E458S and N459R mutations 287 disrupting the PEENEY motif. Promoter assays using these mutants showed that CS1T, CS1Tm1, 288
and CS1Tm3 activated the IFNα6 promoter, whereas CS1Tm2 did not; all of the constructs 289 activated the NFκB promoter (Fig. 3B) .
294
The inability of CS1Tm2 to activate TBK1/IKKε was confirmed by examining the 295 phosphorylation of IRF3/7. IRF3 phosphorylation was induced by TBK1, IKKε, and CS1T but 296 not by CS1Tm2 (Fig. 4A) . We used the IRF7 K92R mutant lacking DNA binding capacity (26) 297 instead of wild-type IRF7 because the expression level was severely affected by the co-298 expression of IRF7 and TBK1/IKKε due to the strong induction of IFN1. The assessment of the 299 phosphorylation status of IRF7 K92R showed the same results: phosphorylation was induced by 300 the overexpression of TBK1, IKKε, and CS1T but not by CS1Tm2 (Fig. 4B) . These results 301 indicate that the inability of CS1Tm2 to activate the IFNα6 promoter is caused by impaired 302 IRF3/7 phosphorylation. Although both TBK1 and IKKε are kinases for IRF3/7, 293T cells only 303 express TBK1 in a resting status. The role of TBK1 in the activation of IRF3/7 by MAVS was 304 assessed using the TBK1 kinase inhibitor BX795. The activation of the IFNα6 promoter by 305 CS8T (containing stem region aa 410−463) was suppressed by increasing amounts of BX795 in 306 a pattern identical to that obtained for TBK1 (Fig. 4C) . The conserved motif mutants were also 307 tested. Promoter stimulation by TBK1,CS1T, CS1Tm1, and CS1Tm3 was inhibited by BX795, 308
on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from whereas CST2m2 did not stimulate the promoter (Fig. 4D) . These results indicate that IRF3/7 309 phosphorylation by MAVS is mediated by TBK1 and that the DLAIS motif is critical for the 310 activation of TBK1. 311 312 Because CS1Tm2 could activate the NFκB promoter (Fig. 3B) , changes in IκBα were evaluated 313 to confirm this finding. CS1T and CS1Tm2 induced equal phosphorylation of IκBα; the IκBα 314 levels were reduced by CS1T and CS1Tm2 and restored in the presence of MG132 (Fig. 4E) . 315
Taken together, these findings suggest that NFκB activity is not controlled by the DLAIS motif. 316
Next, the post-translational modifications of TBK1 were evaluated. The TBK1 auto-317 phosphorylation levels were comparable between CS1T and CS1Tm2. However TBK1 318 ubiquitination, which also regulates its activity, was only increased with CS1T overexpression 319 (Fig. 4F) . These results suggest that the impaired CS1Tm2-induced phosphorylation of IRF3/7 is 320 associated with a defect in the ubiquitination of TBK1. 321
322
The GST fusion constructs GST-CS1T and GST-CS1Tm2 were generated to identify a protein 323 that bound to CS1T but not CS1Tm2. GST pull-down followed by silver staining of the PAGE 324 gel revealed a unique band of approximately 110 kDa in the GST-CS1T lane that was absent in 325 the GST-CS1Tm2 lane (Fig. 5A) . Mass spectrometry analysis showed that the band contained 326 MIB2 peptides. MIB2, an E3 ubiquitin ligase belonging to the mindbomb family, was a strong 327 candidate for the missing binding partner because TBK1 ubiquitination was impaired by 328 CS1Tm2 (Fig. 4F) . The binding of the MIB1 (homolog of MIB2) and MIB2 was evaluated by a 329 GST pull-down assay. MIB1 bound to neither GST-CS1T nor GST-CS1Tm2, whereas MIB2 330 bound to only GST-CS1T (Fig. 5B) . Next MIB2 binding with the conserved motif mutants was 331 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from examined. MIB2 bound to GST-CS1T, GST-CS1Tm1 and GST-CS1Tm3 but not to GST-332 CS1Tm2 (Fig. 5C ). These bindings correlated with the promoter assay data (Fig. 3B) . Notably, 333 MIB2 showed stronger binding to GST-CS1T than to GST-CS1Tm1 and GST-CS1Tm3, 334
suggesting that although the DLAIS motif is critical for the physical interaction between MIB2 335 and MAVS, other motifs also contribute to the binding. To confirm the binding without the 336 influence of endogenous MAVS, the GST pull-down assay was performed in stable MAVS 337 knockdown 293T-cells. MIB2 binding to GST-CS1T was not affected by MAVS knockdown, 338
confirming that the DLAIS motif is required for the MIB2 interaction (Fig. 5D) . Next, 339 immunoprecipitation was performed to determine whether viral stimulation induced the 340 endogenous binding between MAVS and MIB2. MIB2 was marginally co-precipitated with 341 MAVS in uninfected cells, however the co-precipitation was substantially enhanced in response 342 to SV infection (Fig. 5E) . 343
344
In the experiment above, the ubiquitination of TBK1 was impaired in the presence of CS1Tm2 345 compared to CS1T (Fig. 4F) . The lysine (K)63-linked ubiquitination of TBK1 is important for 346 the full activation of IRF3/7 (27). Therefore, the K63-linked ubiquitination induced by the 347 overexpression of MIB2 was examined. For control, an ubiquitin ligase functional mutant (MIB2 348 MT) was generated by a point mutation targeting the critical cysteine residue in the RING-type 1 349 domain (C983S) of wild-type MIB2 (MIB2 WT). The K63-linked ubiquitination of TBK1 by SV 350 stimulation was increased by MIB2 WT, whereas no changes were observed with MIB2 MT (Fig.  351   6A ). This TBK1 ubiquitination was attenuated by MIB2 knockdown (Fig. 6B) . We then tested 352 the phosphorylation of IRF3 induced by MAVS and MIB2. CS1T induced IRF3 phosphorylation, (Fig. 6C) . The assessment of the viral stimulation-induced 355 phosphorylation of IRF3 by MIB2 knockdown showed that IRF3 phosphorylation was attenuated 356 by the knockdown (Fig. 6D) . Taken together, these data indicate that MIB2 catalyzes the K63-357 linked ubiquitination of TBK1 via the MAVS DLAIS motif in response to SV. 358
359
The effect of MIB2 overexpression on the activation of IRF7 was evaluated using the IFNα6 360 promoter assay. The results showed increasing activation with increasing expression of MIB2 361 WT, whereas the MIB2 MT did not activate the promoter. Co-expression of NS3/4a abrogated 362 promoter activation induced by MIB2 WT overexpression (Fig. 7A) . We generated stable MIB2-363 knockdown 293T cells. IFNα6 promoter activation by the SV was reduced in the MIB2-364 knockdown cells (Fig. 7B) . The effect of MIB2 knockdown on viral replication was tested using 365
GFP-expressing vesicular stomatitis virus (GFP-VSV) and FACS analysis. GFP-VSV replication 366
was augmented in the MIB2-knockdown cells (Fig. 7C) . These data indicated that MIB2 has a 367 putative function in the activation of IRF3/7 by MAVS. originates from its bulky side chains, restricted backbone conformation, restrictions on the 388 preceding residue conformation, and inability to function as a hydrogen bond donor (29). These 389 features explain the paucity of the α-helix or β-sheet conformation in the stem region (Fig. 1) . In 390 particular, proline dipeptides restrict the ψ and φ angles. However, we showed that, despite the high conservation of the PEENEY motif among 418 mammalian species (Fig. 3A) , the E458S and N459R mutations targeting the PEENEY motif did 419 not have an effect on IRF3/7 activation (Fig. 3B) . Furthermore, TRAF3 knockout does not 420 impair the activation of IFN signaling (20), suggesting that another E3 ubiquitin ligase 421 compensates for the loss of TRAF3. In the present study, we showed that MIB2 binds to MAVS 422 (Figs. 5B and 5C), and the binding data correlated well with the promoter assay data (Fig. 3B) . 
